INTRODUCTION
============

Disruption of neural conduction pathways due to necrosis of neural tissues accounts for the paraplegia caused by spinal cord injury (SCI). Replacement of necrotic tissue with newborn nerve cells in an attempt to reconstruct conduction pathways is a promising strategy for neural rehabilitation following SCI. Various stem cells have been used as seed cells for transplantation and have shown some advantageous effects in vivo \[[@ref1][@ref2]-[@ref3]\]. As one of representative cell type, ependymal stem cells (EpSCs) have received increasing attention in recent years.

EpSCs are dormant stem cells in the adult spinal cord that proliferate rapidly and migrate to the site of injury after SCI \[[@ref4], [@ref5]\]. Although they can differentiate into neurons in vitro, they mainly differentiate into astrocytes in vivo \[[@ref6]\], which are unfavorable for neural regeneration. Some reports have demonstrated that neuroinflammation in the microenvironment plays a key role in regulating EpSCs growth and differentiation \[[@ref7], [@ref8]\]. Our previous studies \[[@ref9]\] confirmed that macrophages with different activation states (including M1 and M2) at sites of local injury affected the growth and differentiation of EpSCs. Specifically, M2 conditioned medium facilitated EpSCs differentiation towards neurons. The mechanism by which M2 acts on EpSCs in vivo, however, remains elusive.

In recent years, sirtuin deacetylases have emerged as candidate therapeutic targets for many human diseases, including metabolic and age-dependent neurological disorders \[[@ref10]\]. In non-neuronal cells, Sirtuin 2 (SIRT2) has been shown to function as a tubulin deacetylase and a key regulator of cell division and differentiation \[[@ref11]\]. Maxwell et al. \[[@ref12]\] reported abundant and preferential expression of SIRT2 in the mammalian central nervous system, which correlated with reduced α-tubulin acetylation in primary mouse cortical neurons and suggested that the brain-enriched species of SIRT2 may function as the predominant microtubule deacetylases in mature neurons. In another study, neural-specific protein expression (NF-M and MAP-2) was reduced following SIRT2 blockade in human bone marrow-mesenchymal stem cells (hBM-MSCs) \[[@ref13]\]. In the present study, we aimed to explore whether M2 participates in regulating the growth and differentiation of EpSCs through the SIRT2 signaling pathway.

MATERIALS AND METHODS
=====================

EpSC isolation and sorting
--------------------------

Seven-to-nine-week-old male C57BL/6 (B6) mice were purchased from Hubei Provincial Center for Disease Control and Prevention (Wuhan, China). B6/SIRT2^-/-^ mice were purchased from Shanghai Laboratory Animal Center (Shanghai, China). EpSCs were isolated and identified as described previously \[[@ref9]\]. In brief, after a laminectomy, spinal cord tissue was harvested and cut into 1 mm^3^ pieces, enzymatically dissociated in a solution containing 0.01% papain and 0.01% DNase I (Worthington, Biochemicals, NJ, USA) for 1\~2 h at 37°C, and mechanically dissociated into a cell suspension. Then, the suspensions were incubated with an antibody mix containing CD133-PE (1:100, clone 13A4, eBioscience, CA, USA) and CD24-fluorescein isothiocyanate (FITC; 1:500, clone M1/69, BD Biosciences, CA, USA) for 30 min on ice. Cells were sorted with a FACSDiva flow cytometer (BD Biosciences).

Macrophage isolation, culture, and polarization
-----------------------------------------------

M1 and M2 were generated as described previously \[[@ref9]\]. In brief, bone marrow cells were isolated from the femurs of B6 mice or B6/BDNF^-/-^ mice. The cells (5×10^6^) were seeded onto 100-mm sterile nontissue culture-treated polystyrene petri dishes (BD Biosciences with 12 ml of R10 cell culture medium (RPMI 1640 \[Corning, NY, USA\] with 10% fetal bovine serum \[FBS; Thermo Fisher, MA, USA\], 1% penicillin/streptomycin \[Thermo Fisher\], and 1% 4-\[2-hydroxyethyl\]-1-piperazineethanesulfonic acid HEPES \[Sigma Aldrich, MO, USA\]). The cells were stimulated to differentiate into M0 with 20 ng/ml macrophage colony-stimulating factor (M-CSF; eBioscience). Then, the cells were cultured at 37°C and 5% CO~2~ for 6 days and were fed every third day. To obtain M1 cells, on day 7 of culture, we stimulated the M0 cells with 50 ng/ml interferon-γ (IFN-γ; R&D Systems, MN, USA) +20 ng/ml lipopolysaccharide (LPS; Sigma-Aldrich). To obtain M2 cells, we stimulated the M0 cells with 20 ng/ml interleukin-4 (IL-4; BD Biosciences). The cells were harvested on day 8. M1 and M2 were identified by western blot and RT-PCR analyses as described previously \[[@ref9]\].

Transwell coculture of EpSCs and macrophages
--------------------------------------------

A transwell system was used to evaluate the influence of polarized macrophages on EpSCs according to our previous method \[[@ref9]\]. Macrophages were cultured on 24-well plate inserts (1-mm pore size, Corning, NY, USA) with EpSCs preplated on the bottom wells. In brief, the polarized macrophages (M0, M1 or M2) were washed with PBS, resuspended in B27 medium, and subsequently added to the inserts at an initial seeding density of 5×10^5^ cells per insert. The inserts were placed on a 24-well plate that contained EpSCs at 5×10^5^ cells per well (bottom well). The bottom wells were precoated with poly-L-lysine (PLL; Sigma-Aldrich,). The cells were cultured in medium (B27 \[w/o vitamin A, 1×\], L-glutamine \[2 mM\], penicillin \[100 U/ml\], streptomycin \[100 µg/ml\] \[all from Invitrogen, CA, USA\], and partricin \[0.5 µg/ml; Sigma-Aldrich\]) for 3\~7 days. The macrophages in the inserts were changed every 3 days. The EpSCs were collected and used for immunostaining and western blotting assays according to the experimental scheme.

Surgery and postoperative care
------------------------------

Male B6 mice (n=12, weight 18\~20 g) were allocated into the SCI group and the sham operation group. WT mice or BDNF^-/-^ mice (n=6, weight 18\~20 g) were deeply anaesthetized using 1.5% isoflurane with oxygen, and the surgical area was then shaved and sterilized with isopropanol and betadine. Buprenorphine (0.05 mg/kg) and Baytril (5 mg/kg) were given before the surgery. A midline incision was made to expose the vertebral column, and a laminectomy was then performed at the T8-T9 level. The mice received a severe mid-thoracic (T8-T9) crush injury using Dumont-type forceps with a spacer of 0.2 mm. Animals in the sham operation group underwent laminectomy only. Postoperative care included buprenorphine and Baytril administration for 2 days after surgery. Manual voiding of the bladders was performed twice daily until the bladder function returned.

The care, use and treatment of mice in this study were in strict agreement with international guidelines for the care and use of laboratory animals. This study was approved by the Animal Ethics Committee of the Medical School of Wuhan University (2018M53RMYD).

Immunohistochemistry
--------------------

On days 1, 3, and 7 postinjury, 3 mice from each group were sacrificed by transcardial perfusion with 0.01 M PBS, followed by 4% paraformaldehyde in PBS. The entire spinal cord was isolated from the vertebral column, fixed for 2 h, soaked overnight in PBS, and cryoprotected in 30% sucrose. Tissue blocks centered on the SCI epicenter (3-mm blocks for transectional sections) were frozen on dry ice and sectioned at the transectional plane (10-µm thickness for transectional slices). Bovine serum albumin (BSA) was used to block nonspecific binding, and the sections were incubated with anti-SIRT2 monoclonal antibody (Cell Signaling Technology, MA, USA) according to the manufacturer\'s instructions at 4°C overnight and then with anti-rabbit secondary antibody (Vector, CA, USA) followed by incubation in ABC (ABC Kit, Vector) at 37°C for 30 min. The sections were then visualized by reacting with diaminobenzidine (DAB; Vector).

Quantitative real-time polymerase chain reaction (qRT-PCR)
----------------------------------------------------------

The detection of the SIRT family in the injured spinal cord was performed as follows. Total RNA was extracted from fresh tissue cryosections using QIAzol reagent (Qiagen, Duesseldorf, Germany) following the manufacturer's instructions. The RNA concentration was assessed by a Nanodrop-100 system (Thermo Fisher Scientific, MA, USA), and samples were denatured and resolved on a 1% agarose gel to confirm the RNA integrity. cDNA was synthesized using 1 µg of RNA by a QuantiTect Reverse Transcription kit (Qiagen) following the manufacturer's instructions. RT-qPCR was carried out on a StepOnePlus Real-Time PCR System (Applied Biosystems) using SYBR^®^ Green Real-time PCR Master Mix (TaKaRa, Tokyo, Japan). The PCR conditions were 95°C for 5 min, followed by 40 cycles of 95°C for 15 s and 60°C for 30 s. The sequences of the primers for PCR and the length of product size are listed in [Table 1](#T1){ref-type="table"}. The relative mRNA levels of each gene were normalized based on GAPDH. Relative fold differences were determined using the delta-delta CT method, calculated as 2^−(Ct^~Target\ gene~^−Ct^~GAPDH~). All experiments were performed at least three separate times. Data were analyzed using GenEx software version 6.1 (<http://www.biomcc.com/genex-software.html>).

Differentiation of EpSCs into neurons
-------------------------------------

EpSCs were cocultured as described in the Transwell coculture method. On day 7, the phenotypic expression of βIII-tubulin or MAP-2 (Cell Signaling Technology, MA, USA) in the EpSCs was examined by immunofluorescence or Western blot analysis as described below.

Immunofluorescence
------------------

The culture medium was discarded, and the coverslips from each group were rinsed with PBS (pH 7.4) twice. EpSCs were fixed in 4% paraformaldehyde for 30 min, washed in PBS 3 times, and permeabilized with 0.1% Triton X-100 in PBS for 30 min at room temperature. After being washed in PBS 3 times, the EpSCs were incubated in PBS-Tween-20 (PBST) with 1% BSA for 60 min to block nonspecific binding of antibodies. Then, the EpSCs were incubated with primary antibody overnight at 4°C. Anti-SIRT2 (Cell Signaling Technology) and anti-βIII-tubulin (Cell Signaling Technology) were used as the primary antibodies. The nuclei were stained with DAPI. After being washed with PBS 3 times, the cultures were incubated with fluorescent Alexa 488 or 568 secondary antibodies (Invitrogen, CA, USA) for 1 h. Immunofluorescence staining was examined using a Nikon Eclipse TE 300 microscope.

Construction and infection of lentivirus-SIRT2
----------------------------------------------

For SIRT2 overexpression, lentiviral vectors were constructed by amplifying the cDNA of SIRT2 by PCR using specific primers (forward primer: 5\'-AAGCTCGAGGAAGCGGCCTCAACACGG-3\'; reverse primer: 5\'-GGCGGATCCGTGGTTCCTTCAAGTTCGCA-3\') and subcloning into the pLVX-IRES-puro lentiviral vector using the *XhoI* and *Bam*HI restriction sites, yielding lentivirus-SIRT2. Viruses were concentrated by using PEG-it virus precipitation solution (System Biosciences, Mountain View, CA) and stored at -80°C. The negative plasmid was also packaged and used as a negative control, designated lentivirus-vector. This plasmid theoretically has no effect on any gene.

For lentivirus infection, EpSCs were seeded in 6-well plates followed by 1 µl of 1,000× polybrene, and then, the cells were infected with lentivirus-SIRT2 or lentivirus-vector.

Western blot analysis
---------------------

SIRT2 expression in EpSCs was detected using western blotting assays 24 h post coculture. Possible activation of the MEK1/2 signaling pathway in the EpSCs cocultured with macrophages was measured at 0, 15 and 30 min postcoculture. In brief, the cells were lysed with lysis buffer (Sigma-Aldrich, MO, USA) containing phenylmethanesulfonyl fluoride (PMSF). The lysates were centrifuged at 12,000 g at 4°C for 10 min, and the supernatant was collected and preserved at -80°C for later use. The protein concentrations were determined using a BCA Protein Assay Kit (Pierce, IL, USA). The proteins were separated by 15% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene difluoride (PVDF) membranes using a standard protocol. The membranes were blocked by incubation for 1 h at room temperature in 5% fat-free dry milk in Tris-buffered saline containing 0.1% Tween 20 (TBS-T). The membranes were incubated with primary antibodies diluted 1:1000 in TBS-T containing 5% BSA and probed with the appropriate secondary antibodies. The membranes were exposed and scanned using an Odyssey^®^ Infrared Imaging System.

To elucidate the signaling pathway involved in SIRT2-mediated EpSC proliferation, we treated the EpSCs with a TrkB antagonist (ANA12, Selleckchem, TX, USA) or a MEK1/2 inhibitor (PD0325901, Cell Signaling Technology) for 2 h. Then, the EpSCs were cocultured with macrophages as described above, and western blot analysis was performed.

For analysis of the spinal cord, the samples were prepared as follows. After RT-PCR, the remaining sample was centrifuged at 1,500 rpm for 30 min; the supernatant (crude protein) was collected. Determination of the protein concentration was performed by the Bradford method. Then, Western blot was performed as described above.

The following antibodies were used: MAP-2 (Abcam, MA, USA), acetylated α-tubulin (AC α-tubulin) (Proteintech, IL, USA), α-tubulin (Proteintech), p-TrkB Y816 (Novus Biologicals, CO, USA), TrkB, SIRT2, p-MEK, p-ERK1/2 and β-actin (all from Cell Signaling Technology). An image analytic system was used to detect the gray degree values of the positive signals.

Statistical analysis
--------------------

Data are presented as the mean±SD and were analyzed by GraphPad Prism V 5.00 for Windows (GraphPad Software, La Jolla, USA). Statistical significance was determined by Student's t-test or ANOVA followed by Newman-Keuls post hoc test. p-values less than 0.05 were considered statistically significant.

RESULTS
=======

Expression of SIRT2 in the ependymal region after spinal cord injury
--------------------------------------------------------------------

WT mice underwent laminectomy and spinal cord contusion at the T8-9 segment. As the first week post SCI is usually referred to as the active period of the M2 reaction, the mRNA level of the SIRT family was measured on day 3 with RT-PCR. SIRT2 showed the highest level among all the family members, indicating its important role in this process ([Fig. 1a](#F1){ref-type="fig"}). Then, the expression of SIRT2 at the SCI site was detected by immunohistochemistry and western blot assays. The spinal cord samples centered at the injury site were isolated on days 1, 3 and 7 after injury. On day 1 after injury, positive SIRT2 immunostaining could be observed at the injury site, which was located in both the ependymal area and the gray matter of the spinal cord, presenting cytoplasmic staining. The cells with positive staining in the gray matter were preliminarily identified as neurons according to cell morphology. Weakly positive staining for SIRT2 was observed in the ependymal zone on day 1 post injury in the WT mice with SCI, while strong SIRT2 positive staining was observed on day 3 post injury, especially in the ependymal region ([Fig. 1b](#F1){ref-type="fig"}), which was still positive on day 7. In contrast, only weak staining of SIRT2 could be detected in the central canal of the mice in the sham group. Western blot assays obtained similar results ([Fig. 1c and 1d](#F1){ref-type="fig"}).

M2 coculture upregulated the expression of SIRT2 in the EpSCs in vitro
----------------------------------------------------------------------

To explore the possible role of SIRT2 during EpSC differentiation, we cocultured EpSCs with M0, M1 or M2 macrophages. RT-PCR was performed on day three to assess the SIRT2 mRNA levels in the EpSCs of different groups. The expression of SIRT2 mRNA was significantly higher in the EpSCs cocultured with M2 than in the other EpSCs (p\<0.001) ([Fig. 2a](#F2){ref-type="fig"}). In addition, semiquantitative analysis with western blotting showed that SIRT2 expression was significantly increased in the M2 coculture group (p\<0.001) ([Fig. 2b](#F2){ref-type="fig"}). Consistent with our previous results, the EpSCs in the M2 coculture group showed improved growth, including cell body enlargement and neurite elongation, on day 7 post coculture. The EpSCs showed positive βIII-tubulin staining, indicating differentiation towards neurons. Interestingly, the EpSCs cocultured with M2 demonstrated significant SIRT2 immunostaining on the third day of coculture, which was localized in the cytoplasm and could be observed throughout the experiment. Weakly positive SIRT2 staining could be found in the M0 group, and the staining was even weaker in the M1 group ([Fig. 2c](#F2){ref-type="fig"}).

Since M2 could affect the expression of SIRT2 in EpSCs, the temporal change in SIRT2 expression in the EpSCs cocultured with M2 was also studied using RT-PCR and western blot analyses. As shown in [Fig. 2d](#F2){ref-type="fig"}, there was a low level of SIRT2 expression in normal EpSCs before coculture. The expression of SIRT2 increased at 6 h after coculture, peaking at 48 h and then declining at 72 h post coculture. Western blot analysis obtained a similar result ([Fig. 2e](#F2){ref-type="fig"}).

SIRT2 played an important role in the EpSC differentiation mediated by the M2 coculture
---------------------------------------------------------------------------------------

M2 conditioned medium facilitates the differentiation of EpSCs into neurons. It also upregulates the expression of SIRT2 in cocultured EpSCs. Therefore, does M2 promote EpSC differentiation towards neurons through its effect on SIRT2 expression? To address this question, we cocultured the EpSCs from different groups with M2 macrophages. To obtain EpSCs overexpressing SIRT2, we successfully constructed plasmid lentivirus-SIRT2 and infected EpSCs ([Fig. 3a and 3b](#F3){ref-type="fig"}). WT EpSCs demonstrated positive staining for βIII-tubulin and SIRT2, together with robust cellular growth, on the 7^th^ day post coculture ([Fig. 2c](#F2){ref-type="fig"}). A similar effect was observed in the SIRT2 overexpression group without M2 coculture. However, neither SIRT2 nor βIII-tubulin immunostaining could be observed in the EpSCs derived from the SIRT2^-/-^ mice at the same time ([Fig. 3c](#F3){ref-type="fig"}). Decreased SIRT2 and βIII-tubulin immunostaining was also observed in the EpSCs preincubated with ANA12, a selective inhibitor of TrkB. The levels of SIRT2 significantly correlated with the differentiation status of the EpSCs, suggesting a key role for SIRT2 in guiding EpSC differentiation.

SIRT2 promoted EpSC differentiation by its α-tubulin deacetylase activity
-------------------------------------------------------------------------

The mechanism by which SIRT2 regulates EpSC differentiation remains elusive. It was reported that acetylated α-tubulin inhibits axon and neurite outgrowth from neurons. We examined whether SIRT2 regulated neuronal differentiation through its α-tubulin deacetylase activity. EpSCs were cocultured with M0, M1 or M2 for 24 h, and then, the expression of MAP-2 and Ac α-tubulin was measured using western blots ([Fig. 4a](#F4){ref-type="fig"}). Similar to the immunofluorescence results, MAP-2 expression in the EpSCs was significantly upregulated in the M2 coculture group, while that of Ac α-tubulin was significantly decreased. No significant change in Ac α-tubulin expression was found in the M1 or M0 coculture group. These results confirmed that M2 coculture could deacetylate Ac α-tubulin in the EpSCs and thus promote the differentiation of EpSCs into neurons. We further investigated whether the reduction of Ac α-tubulin was realized through the SIRT2 pathway. In the WT EpSC group, the Ac α-tubulin expression levels gradually decreased from 24 to 48 h during coculture with M2 and then returned to baseline at 72 h ([Fig. 4b and 4c](#F4){ref-type="fig"}). There was no apparent fluctuation in the Ac α-tubulin expression in the EpSCs derived from the SIRT2^-/-^ mice ([Fig. 4b and 4c](#F4){ref-type="fig"}).

M2 upregulated SIRT2 expression in the EpSCs through the BDNF-TrkB signaling pathway
------------------------------------------------------------------------------------

M2 can upregulate the expression of SIRT2 in cocultured EpSCs, and we determined the possible mechanism involved in the present study. BDNF can increase neural differentiation and relieve the inflammatory response. SIRT2 immunostaining in the sections from the BDNF^-/-^ mice was significantly lower than that of the WT mice ([Fig. 1b](#F1){ref-type="fig"}); thus, we explored whether M2 upregulated SIRT2 expression in EpSCs through the BDNF/TrkB signaling pathway. First, we detected the BDNF protein expression in the M2 conditioned medium by ELISAs ([Fig. 5a](#F5){ref-type="fig"}) and found that its level was significantly higher than that of the M1 and M0 groups. Second, we observed the expression of the TrkB receptor in EpSCs by immunofluorescence ([Fig. 5b](#F5){ref-type="fig"}) and found positive staining mainly located on the surface of cell bodies, axons and dendrites. Western blot analysis showed that the level of p-TrkB in EpSCs was significantly elevated following coculture with M2 from the WT mice for 6 h ([Fig. 5c](#F5){ref-type="fig"}). Positive staining for βIII-tubulin and SIRT2 decreased due to pretreatment with an inhibitor of TrkB (ANA12) ([Fig. 3c](#F3){ref-type="fig"}). The expression of intracellular phosphorylated TrkB, however, was not as evident if the EpSCs were cocultured with M2 derived from the BDNF^-/-^ mice but not the WT mice, suggesting that BDNF is an important factor in activating TrkB on the surface of the EpSCs. More importantly, both RT-PCR ([Fig. 5d](#F5){ref-type="fig"}) and western blot analyses ([Fig. 5e](#F5){ref-type="fig"}) confirmed that there was a certain amount of SIRT2 expression in the EpSCs cocultured with M2 from the WT mice, while the expression of SIRT2 was significantly reduced if the M2 macrophages were derived from the BDNF^-/-^ mice.

MEK1/2-ERK1/2 activation resulting from phosphorylation of TrkB upregulated SIRT2 expression in the EpSCs
---------------------------------------------------------------------------------------------------------

To explore the downstream signals of the BDNF/TrkB pathway, we cocultured EpSCs with M2 macrophages, and the effect of different pretreatments on SIRT2 expression was studied. ERK1/2 regulates SIRT2 deacetylase activity, and the phosphorylation of ERK1/2 depends on the activation of MAPK kinase (MEK) 1/2. In the present study, we attempted to determine whether BDNF/TrkB affected the activation of MEK-ERK1/2 and thus regulated the expression of SIRT2 ([Fig. 6](#F6){ref-type="fig"}). First, EpSCs were pretreated with ANA-12, a potent and selective TrkB antagonist, for 2 h followed by coculture with M2. Compared with the control group, in which the EpSCs were directly cocultured with M2, the ANA-12 group showed substantially decreased p-TrkB levels. The levels of p-MEK1/2 and p-ERK1/2 also decreased, and the expression of SIRT2 was obviously downregulated. In another group, the EpSCs were pretreated with PD0325901, a selective, non-ATP competitive MEK inhibitor. The subsequent coculture with M2 did not change the level of p-TrkB. However, compared with those of the control group, the levels of p-MEK1/2 and p-ERK1/2 as well as the expression of SIRT2 were significantly reduced. The above results suggested that MEK1/2-ERK1/2 acted downstream of BDNK-TrkB. BDNF-TrkB regulated SIRT2 expression in EpSCs via the MEK1/2-ERK1/2 signaling pathway.

DISCUSSION
==========

Transplantation of various types of stem cells, such as neural stem cells (NSCs), bone marrow mesenchymal stem cells (MSCs) and induced pluripotent stem cells (iPSCs), to rescue the injured spinal cord has recently attracted increasing attention \[[@ref14][@ref15]-[@ref16]\]. Neural stem/progenitor cells (NSPCs) in the adult rat spinal cord show self-renewal but no tumorigenic potential. Transplantation of NSPCs in rodents with SCI has been shown to increase tissue retention, secrete beneficial nutrient factors, and improve functional recovery \[[@ref17]\]. Alfaro-Cervello et al. \[[@ref18]\] explored the source of spinal cord-derived NSPCs and confirmed that these cells were ependymal cells with two long cilia, which showed a Vimentin^+^, CD24^+^, FoxJ1^+^, Sox2^+^, CD133^+^, nestin^-^ and GFAP^-^ phenotype. Spinal cord NSPCs are also known as ependymal stem cells (EpSCs) because they maintain a resting state in an intact spinal cord and participate in forming the central spinal canal while rapidly proliferating and migrating to the injured site after SCI. Pfenninger \[[@ref19]\] isolated CD133^+^/CD24^+^ EpSCs from mouse spinal cord tissues using immunomagnetic beads. EpSCs differentiate into motor neurons in vitro with HB9 immunostaining \[[@ref20]\]; however, they mainly differentiate into astrocytes in vivo and contribute to the glial scar formed 1 week after injury \[[@ref21]\], which protects the nerve tissue from further damage and hinders the repair of damage (acting as a mechanical and chemical barrier for axon elongation).

Numerous studies in multiple laboratories around the world have explored the mechanism that regulates the biological behavior of EpSCs in vivo, especially their growth and differentiation. The inhibitory microenvironment formed following SCI is considered to play an important role in this process. Secondary inflammation, mainly induced by activated macrophages, is one of the most important events in the microenvironment of the injured spinal cord, and this process has recently attracted increasing attention \[[@ref22], [@ref23]\]. Activated microglia/macrophages have either detrimental or beneficial effects on neural regeneration based on different subsets. The proinflammatory M1 cell response, which is rapidly induced and sustained after SCI, contributes to protracted cell and tissue loss, whereas the alternative anti-inflammatory M2 type, which is induced transiently, is believed to promote cell protection, regeneration and plasticity. Our previous study found that M2 conditioned medium favored EpSC differentiation towards neurons, but the underlying molecular mechanism remains elusive \[[@ref9]\]. If the mechanism by which M2 regulates EpSC differentiation can be illuminated and a scheme to promote EpSC differentiation into neurons can be designed on this basis, it will provide a promising strategy for the recovery from SCI.

Sirtuins (SIRTs) are NAD^+^-dependent class III histone deacetylases (HDACs). As one of the seven SIRT homologues, SIRT2 catalyzes various biological processes, such as metabolism and gene expression \[[@ref24]\]. SIRT2 is involved in the regulation of the cell cycle, oxidative stress response and microtubule dynamics \[[@ref25]\]. We observed the expression of SIRT2 in the injury site after SCI through immunohistochemical staining. Semiquantitative analysis using western blots showed that SIRT2 expression was significantly higher in the spinal cord of the mice with SCI than in the mice that underwent sham operation only, suggesting that SIRT2 plays a role in the pathogenesis and prognosis of SCI. The present study aimed to explore in vitro whether M2 can regulate the expression of SIRT2 in EpSCs and thereby affect their growth and differentiation. M2 coculture facilitated the differentiation of EpSCs into neurons with positive βIII-tubulin staining. Furthermore, compared with M1 or M0, M2 coculture could upregulate the expression of SIRT2 in EpSCs. More interestingly, for the EpSCs derived from the SIRT2^-/-^ mice, M2 did not promote their differentiation towards neurons, confirming that the effect of M2 on the differentiation of EpSCs was at least partially mediated by SIRT2.

We further studied the mechanism by which M2 induced neuronal differentiation through SIRT2. Microtubules (MTs) are complex structures consisting of asymmetric heterodimers of α- and β-tubulin. As a major component of MTs, α-tubulin contributes to MT modification via acetylation/deacetylation at lysine 40 (K40) \[[@ref26]\]. MT dynamics have profound functional effects on cellular transport, migration, differentiation, and division \[[@ref27]\]. A previous study reported that acetylated α-tubulin (Ac-α-tubulin) is generally found in stable MT polymers and inhibits axon and neurite outgrowth from neurons \[[@ref28]\]. It has also been reported that the knockout of SIRT2 expression can inhibit the differentiation of midbrain neurons into dopaminergic neurons in embryonic mice \[[@ref29]\]. Based on these findings, in the present study, we examined whether SIRT2 regulates neuronal differentiation through its α-tubulin deacetylase activity. Consistent with these reports, our findings demonstrated that the intracellular level of Ac α-tubulin was significantly decreased when EpSCs were cocultured with WT M2, suggesting that SIRT2 upregulation by M2 coculture deacetylated stable Ac-α-tubulin in the EpSCs. This change in microtubule dynamics contributes to the differentiation of EpSCs into neurons, manifested as increased MAP-2 levels. After coculture with M2 macrophages, no significant change in the Ac α-tubulin levels was detected in the EpSCs from the SIRT2^-/-^ mice, further indicating that the effect of M2 macrophages on EpSC differentiation was achieved by SIRT2 expression.

Another interesting question is how M2 regulates the expression of SIRT2 in EpSCs. Since this noncontact coculture was carried out in transwell chambers, the effect of M2 is likely achieved through paracrine mechanisms. BDNF, one of the key cytokines secreted by M2 macrophages, can induce neural differentiation in stem cells and has the potential to repair the nervous system \[[@ref30], [@ref31]\]. Once bound to its specific receptor, BDNF and the tyrosine kinase receptor TrkB increase the branching of cortical and hippocampal neurons in dissociated cultures and organotypic slices \[[@ref32]\]. We attempted to confirm whether BDNF had an impact on the expression of SIRT2. The expression of BDNF in M2 conditioned medium was detected, and the expression of TrkB on the surface of EpSCs was observed, suggesting that M2 can influence the biological behavior of EpSCs through the BDNF/TrkB signaling pathway. As expected, further experiments showed a relationship between the phosphorylation level of TrkB in EpSCs and BDNF in the medium. Our results indicated that BDNF secreted by M2 can activate TrkB on the surface of EpSCs, thus inducing the expression of SIRT2. To our knowledge, this is the first study to show that BDNF/TrkB upregulates the expression of SIRT2.

We further explored the potential molecules involved in the BDNF-TrkB-SIRT2 signaling pathway. After binding with BDNF, TrkB dimerizes and undergoes autophosphorylation at specific tyrosine residues of the intracellular domain \[[@ref33]\]. These phosphotyrosines are docking sites for adaptor proteins that lead to the activation of several signaling cascades, including mitogen-activated protein kinases (MAPKs) \[[@ref34]\], phospholipase C-gamma (PLCγ) \[[@ref35]\] and phosphoinositide-3-kinase (PI3K) \[[@ref36]\]. It has been reported that activation of MAPK kinase (MEK) 1/2 leads to the phosphorylation of ERK1/2 via the Thr-Glu-Tyr recognition motif, and the latter regulates SIRT2 deacetylase activity \[[@ref13]\]. In the present study, we found that ANA, an antagonist of TrkB, could not only downregulate the level of p-TrkB in EpSCs but also reduce the levels of p-MEK1/2 and p-ERK1/2, and the expression of SIRT2 was also significantly downregulated. In contrast, an MEK inhibitor (PD0325901) had no influence on the level of p-TrkB, while it dramatically decreased the expression levels of p-ERK1/2 and SIRT2. The results suggested that phosphorylation of TrkB induced by BDNF resulted in the phosphorylation of ERK1/2 followed by the upregulation of SIRT2. Taken together, our study suggests that M2 regulates SIRT2 expression in EpSCs via the BDNF/TrkB-MEK/ERK- SIRT2 signaling pathway.

We confirmed in vitro that the M2-type macrophage response can promote the differentiation of EpSCs into neurons at least partially through upregulating the expression of SIRT2. These results provide a theoretical basis and a new strategy for improving the recovery from spinal cord injury, such as regulating the survival, growth and differentiation of EpSCs by increasing the proportion of M2 cells in the local microenvironment of SCI or upregulating the expression of SIRT2 in EpSCs. There may be other factors and signaling pathways besides BDNF involved in the regulation of SIRT2 by M2, which needs further study.
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![SIRT2 expression in the injured spinal cord on day 3 post SCI. (a) Spinal cord tissue was isolated from the WT mice with SCI on day 3 after SCI, and RT-PCR was performed to examine the expression of the SIRT family. SIRT2 had the highest expression level compared with other members in the spinal cord. (b) Representative IHC images of SIRT2 on day 3 after SCI in the central canal of the spinal cord (×200). Scale bars: 50 µm. The arrows indicate the positively stained cell in the central canal of the spinal cord. *WT-sham*: *WT mice undergoing laminectomy only*; *WT-SCI*: *WT mice with SCI. BDNF^-/-^-SCI: BDNF KO mice with SCI*. A summary of the semiquantitative analysis of the SIRT2-positive area is shown. (c) Western blotting was performed to examine the temporal expression of SIRT2 after SCI. Statistical analysis is shown in (d). Data represent three independent experiments. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](EN-29-150-f1){#F1}

![M2 promoted EpSC differentiation by upregulating SIRT2 expression. SIRT2 expression in the EpSCs cocultured with M1, M2 or M0 was detected by RT-PCR (a) and western blots (b). SIRT2 and β III-tubulin expression in the EpSCs from the WT mice cocultured with M1, M2 or M0 was detected by immunofluorescence (c). (Blue: DAPI; green: SIRT2; red: β III-tubulin; ×400). Scale bars: 25 µm. RT-PCR (d) and western blotting assays (e) were used to detect temporal SIRT2 expression in the EpSCs cocultured with M2 macrophages. Data represent three independent experiments. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](EN-29-150-f2){#F2}

![SIRT2 is critical for the differentiation of EpSCs. (a) Construction and identification of the lentivirus-SIRT2 plasmid. The lentivirus-SIRT2 plasmid was digested with *XhoI* and *Bam*HI. Lane 1, lentivirus-vector; lane 2, lentivirus-SIRT2. (b) EpSCs were infected with lentivirus-SIRT2 or lentivirus-vector. SIRT2 expression was identified by western blots. (c) EpSCs from the SIRT2^-/-^ mice or EpSCs from the WT mice pretreated with TrkB inhibitor (ANA12) were cocultured with M2 macrophages. EpSCs from the WT mice were infected with lentivirus-SIRT2 or lentivirus-vector for 48 h. SIRT2 and β III-tubulin levels were then detected by immunofluorescence. (Blue: DAPI; green: SIRT2; red: β III-tubulin; ×400). Scale bars: 25 µm.](EN-29-150-f3){#F3}

![Changes in acetylated α-tubulin expression of the EpSCs during coculture with macrophages. (a) Detection of the expression of MAP-2 and acetylated α-tubulin (Ac α-tubulin) in the EpSCs after coculture with M0, M1 or M2 for 24 h. Significantly decreased Ac α-tubulin and increased MAP-2 were observed in the EpSCs cocultured with M2. (b) Detection of the temporal expression of Ac α-tubulin and α-tubulin in differently derived EpSCs when cocultured with M2 (0, 6, 12, 24 h) by western blotting assays. The Ac α-tubulin expression levels in the EpSCs derived from the WT mice gradually decreased from 24 to 48 h upon coculture with M2 and then returned to baseline at 72 h; in contrast, there were no apparent changes in the Ac α-tubulin expression in the EpSCs derived from the SIRT2-/- mice. Statistical analysis is shown in (c). Data represent three independent experiments. \*\*p\<0.01, \*\*\*p\<0.001.](EN-29-150-f4){#F4}

![M2 upregulated SIRT2 expression in the EpSCs through BDNF-TrkB signaling. (a) The secretion of BDNF in different macrophage conditioned media was detected by ELISAs. The BDNF protein in the M2 conditioned medium was significantly higher than that in the M1 or M0 conditioned medium. (b) The expression of TrkB receptor in the EpSCs was observed by immunofluorescence staining, which was mainly located on the surface of cell bodies, axons and dendrites. (c) Representative immunoreactive bands of p-TrkB and TrkB in the EpSCs cocultured with M2 derived from the WT or BDNF^-/-^ mice. The p-TrkB expression in the EpSCs was significantly induced when cocultured with M2 from the WT mice but had no change when cocultured with M2 from the BDNF^-/-^ mice. RT-PCR (d) and western blot assays (e) were used to detect SIRT2 expression in the EpSCs of different groups. The EpSCs cocultured with M2 from the BDNF^-/-^ mice showed decreased SIRT2 expression. Data represent three independent experiments. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](EN-29-150-f5){#F5}

![The MEK1/2 signaling pathway was activated in the SIRT2-expressing cells. EpSCs were pretreated with a TrkB antagonist (ANA-12) or MEK1/2 inhibitor (PD0325901) for 2 h and then cocultured with M2 from the WT mice. The levels of p-TrkB, p-MEK1/2, p-ERK1/2, SIRT2 and β-actin were detected by western blot analysis.](EN-29-150-f6){#F6}

###### 

Primer sequences for RT-PCR

  Gene    Forward primer 5'-3'   Reverse primer 5'-3'    Product size
  ------- ---------------------- ----------------------- --------------
  SIRT1   GCAACAGCATCTTGCCTGAT   GTGCTACTGGTCTCACTT      250
  SIRT2   CTTCCTGGGCATGATGAT     ACCCTGACTGGGCATCTAT     188
  SIRT3   CAGCAACCTTCAGCAGTA     CCGTGCATGTAGCTGTTA      278
  SIRT4   TGACGGAGCTCCACGGATGC   ACACGCCGGTGCACAAAGTCA   240
  SIRT5   GTCATCACCCAGAACATTGA   ACGTGAGGTCGCAGCAAGCC    251
  SIRT6   TCCCAAGTGTAAGACGCAGT   GTTGCAGGTTGACAATGACC    305
  SIRT7   CCCCGGACCGCCATCTCA     CTCCAGGCCCAGTTCATTCAT   453
  GAPDH   ACCACAGTCCATGCCATCAC   TCCACCACCCTGTTGCTGTA    452
